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ABSTRACT
Background: CompEx Asthma, a novel composite end-point combining severe exacerbations (SevEx) with
asthma-worsening events, was recently developed. Further characterisation of CompEx Asthma is needed
to illustrate the applicability of this end-point. The objective was to evaluate CompEx Asthma as a rate
end-point to determine how seasonal and geographical factors impact this novel outcome.
Methods: Seven 24–56-week randomised controlled trials of budesonide/formoterol (BUD/FORM) and
benralizumab were analysed. Annualised event rates (AERs) and treatment effects (hazard ratio (HR)) were
analysed with Poisson and Andersen–Gill models, respectively. Seasonality was analysed by month and
five geographical regions were evaluated.
Results: The studies included 10815 patients (63% female, mean age 42–49 years). CompEx Asthma AER
mirrored seasonal variations in SevEx AER. CompEx Asthma AERs were higher versus SevEx in BUD/FORM
and benralizumab trials (range 2.7–4.5-fold and 1.3–2.0-fold increase, respectively) and were less variable
versus SevEx between regions (ratios of greatest:smallest AERs: 1.36 for CompEx versus 2.28 for SevEx (BUD/
FORM); 1.81 for CompEx versus 2.22 for SevEx (benralizumab)). Treatment effects for CompEx Asthma and
SevEx were generally similar across regions and months. However, in Eastern Europe, where SevEx rates were
lowest, treatment effect was greater with CompEx Asthma versus SevEx, reaching statistical significance in the
benralizumab studies (HR (95% CI): 0.67 (0.53–0.85) versus 0.87 (0.65–1.15)).
Conclusion: This study confirmed the reliability of CompEx Asthma as a rate end-point and allowed
detection of variations in seasonal SevEx rates, reduction of variation in rates across regions and potential
greater sensitivity to treatment effects.
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Asthma is a heterogeneous chronic inflammatory disease of the airways punctuated by recurring episodes
of worsening control [1]. Severe exacerbations (SevEx), defined as asthma worsening leading to oral
corticosteroid (OCS) treatment, emergency room visit and/or hospitalisation, occur across the spectrum of
asthma severity and represent a significant burden to patients and the community [1, 2]. Due to their
infrequent nature, clinical trials using SevEx as an end-point typically require observation periods of
⩾6 months and large sample sizes to gain sufficient statistical power to enable comparison between
interventions [3–6]. Consequently, SevEx are rarely used as the primary outcome measure in the early
phases of drug development. In a recent post hoc analysis, a novel composite end-point for exacerbations
(CompEx) was defined that captures clinically relevant asthma-worsening episodes based on combination
of diary events (worsening in daily peak expiratory flow (PEF), asthma symptoms and reliever medication
use) plus SevEx events. Time-to-first event analysis suggested that CompEx could allow for shorter trials
with fewer patients while maintaining the ability to detect treatment effects equivalent to that of SevEx
only as an outcome measure [7]. Since the initial publication, the CompEx end-point has also been
adapted to COPD (COPDCompEx), so we will refer to it herein as CompEx Asthma.
SevEx rates in patients of all ages are influenced by seasonal and geographical factors [8–10]. Seasonal
peaks are thought to be attributable to viral respiratory infections, which are responsible for 50–75% of
exacerbations in adult patients [11, 12]. Differences in asthma exacerbation rates are also observed between
geographic regions, with consistently fewer exacerbations recorded in Eastern Europe compared with
North America, Western Europe and Asia [13, 14]. This could be due to a range of factors including
differences in climate, aeroallergen and air pollution levels, socioeconomic differences and variations in
diagnostic and asthma management criteria [15, 16]. Observed regional variations in exacerbation rates
may also reflect variation in perceived need for oral prednisolone by patients and healthcare professionals,
quality of primary care and accessibility to and cost of treatment, rather than purely clinical differences in
the event frequency [17].
To extend the applicability of CompEx Asthma and further characterise this end-point, we undertook a
post hoc analysis of seven randomised controlled trials, five of which were used in the initial development
of the end-point. We analysed CompEx Asthma as a rate end-point to specifically test the hypotheses that
CompEx Asthma behaves similarly to SevEx across geographical region and season of the year, while
maintaining the treatment effect demonstrated by SevEx.
Methods
To evaluate the hypotheses on geographical and seasonal trends for CompEx Asthma and SevEx, we
compared the performance of the two end-points in terms of annualised event rate (AER). Treatment
effects were examined using Anderson–Gill modelling assumption. We also evaluated the AER and
treatment effects on diary events independently, to highlight their contribution to the composite CompEx
Asthma end-point. Details of the data used and methods applied follow below.
Study design and data collection
In this post hoc analysis, data from seven 24- to 56-week randomised clinical trials were analysed,
including 10815 patients aged ⩾16 years with asthma ranging from mild to severe (figure 1) [3–6, 13, 14,
18]. The studies were chosen based on two criteria: the five studies of budesonide/formoterol (BUD/
FORM trials) used to initially develop the CompEx Asthma end-point were included to illustrate that
CompEx Asthma can also be used as a rate end-point with similar treatment effects (this was illustrated by
FUHLBRIGGE et al. 2017 [7] for time-to-first analyses). Second, the size and duration of the studies were
important to enable testing of the new hypotheses related to geographical and seasonal trends. The two
benralizumab trials were included as new test studies based on similar criteria for treatment duration and
study size (supplementary table E1). Further details on the studies used are available in the supplementary
appendix.
Definition of CompEx Asthma, diary events and SevEx
The CompEx Asthma end-point was developed by combining asthma-worsening diary events (defined
using diary card variables) with SevEx events. The methodology for defining diary events has been
previously described in detail [7]. Briefly, diary events are based on objective measures of worsening in
PEF, reliever medication use and worsening of asthma symptoms assessed morning and evening in daily
diaries (six variables in total). Asthma-worsening diary events were defined as either two diary variables
reaching a predefined threshold change from baseline for at least two consecutive days, or deterioration in
all six variables over at least a 5-day period combined with a threshold change in at least one variable
(further detail provided in the supplementary appendix).
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The definition of SevEx events was consistent across studies and based on a requirement for OCS
treatment and/or hospitalisation or emergency treatment for asthma. The per-protocol definition of
recurrent SevEx events (i.e. events considered to be separate worsening events) differed slightly between
the BUD/FORM studies, with gaps between events of 0 to 2 days. In the benralizumab studies, a SevEx
event was considered recurrent when the gap between events exceeded the per-protocol definition (i.e.
7 days).
To enable rate type analyses for CompEx Asthma events, recurrent (i.e. separate) diary events needed to be
defined and identified. This was done by scoring days across a patient’s diary dataset according to the
diary event worsening criteria, with an event continuing until the criteria were no longer fulfilled for a
pre-defined number of days (gap) in a row. CompEx Asthma events were then defined as the occurrence
of either a diary event or SevEx, with the start/end of an event marked as the first/last day that the criteria
for either a diary event or SevEx were fulfilled. In order to determine how to define separate events, we
conducted an analysis to assess gaps of 1-, 7- and 10-day duration, where subsequent events that fall
within the specified gap are collapsed into a single event. Our analysis found that gaps of 7 and 10 days
performed better than a gap of 1 day, and produced similar observed treatment effect for both CompEx
Asthma and SevEx (supplementary figure E1). Therefore, we chose to use a gap of 7 days for our
definition of CompEx Asthma, in line with the American Thoracic Society/European Respiratory Society
statement [2] and the definition of separate SevEx events used in the benralizumab studies [13, 14].
Statistical analyses
All BUD/FORM studies were pooled for the AER analyses, while data from selected treatment arms from
STAY, SMILE and SAKURA were pooled to investigate treatment effects as these studies had similar trial
design which enabled assessment of a common treatment comparison. The benralizumab studies were
pooled to assess treatment effects and AERs. AERs were estimated using a Poisson model for all analyses,
using log(time-at-risk) as an offset variable. A full time-at-risk analysis was used in the Poisson model,
including time in the event and gap time between events. Treatment effects were initially evaluated using
three different models for analysing recurrent events: a negative binomial (NB) model, an Andersen–Gill
(AG) time-to-recurrent event model and a frailty time-to-recurrent event model (supplementary figure E1).
Further details of the models are described in the supplementary appendix.
The treatment effect for CompEx Asthma was compared to the treatment effect observed on SevEx and





















FIGURE 1 Breakdown of the studies used in the development and test phases of the CompEx Asthma analyses. All studies in patients aged
⩾16 years with asthma. #: benralizumab studies enrolled patients with high blood eosinophils (⩾300 cells·µL−1). BUD/FORM: budesonide/
formoterol; CompEx: composite end-point for exacerbations.
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was not explored further. Treatment effects for both the NB and AG models are compared in
supplementary figure E2. The NB and AG models are limited by the assumption of constant risk of events
during follow-up, but the AG model benefits from taking both the timing and ordering of events into
account and allowing for the inclusion of time-varying covariates (useful for seasonality analyses).
Accordingly, we present results from this model (fitted with a robust variance estimate to avoid Type I
error inflation) in the main manuscript and results from the NB model in the supplementary appendix.
The performance of CompEx Asthma in response to seasonal variation was evaluated on a
month-by-month basis [9]. To compensate for the differing seasons in the two hemispheres, a number
was assigned to each month and mapped according to the northern and southern hemispheres (i.e.
January is month 1 in the northern hemisphere, while July is month 1 in the southern hemisphere).
The performance of CompEx Asthma according to geography was analysed by categorising regions as
follows: Asia, Eastern Europe, Western Europe, North America and rest of the world (RoW). To evaluate
the performance of CompEx Asthma according to geographical variation, AG models were fitted per
region. In the seasonal analysis, month was included as a time-varying covariate and treatment effects were
extracted using a treatment-month interaction. Treatment effect comparisons were evaluated using
Wald-type p-values and confidence intervals (CIs) across all analyses, only using data from the separate
treatment arms in each comparison. Additional analyses were performed using the NB model, presented
in supplementary figures E3 and E4.
Results
Patient demographics
The study population for the BUD/FORM trials included 9776 patients who were predominantly female
(63%), with a mean age ranging from 42 to 46 years, a mean forced expiratory volume in 1 s (FEV1)
70–75% predicted and prescribed low- to high-dose inhaled corticosteroids (ICS). A total of 1039 patients
with high blood eosinophils (⩾300 cells·µL−1) from the q8w treatment arm were analysed in the
benralizumab trials. Patients were predominantly female (63%), with a mean age of 49 years, a mean FEV1
55–58% predicted and prescribed medium- to high-dose ICS (supplementary table E2).
Overall annualised event rates
In the pooled BUD/FORM trials, overall mean CompEx Asthma AER was 3.1-times higher versus SevEx (0.96
versus 0.31; considering all treatment arms) (figure 2a). In the benralizumab trials, mean CompEx Asthma
AER was 1.57-times higher versus SevEx (1.45 versus 0.92; considering all treatment arms) (figure 2b).
CompEx Asthma according to seasons
Most patients were recruited and randomised in summer (months 6, 7 and 8; 35.9%) and autumn
(months 9, 10 and 11; 31.5%) in the BUD/FORM studies, but all trials included patients recruited in all
months; spring (months 3, 4 and 5; 15.5%) and winter (months 12, 1 and 2; 17.1%) (supplementary figure
E5). In the benralizumab studies, recruitment was more evenly distributed across the months (spring:
22.0%; summer: 24.4%; autumn: 27.1%; winter: 26.4%) (supplementary figure E5). In the pooled BUD/
FORM trials, trends in AERs for CompEx Asthma, SevEx and diary events followed a similar seasonal
pattern on a month-by-month basis for all treatment arms (figure 3a; supplementary table E3). Overall,
AERs were higher in the winter months (AER range: 0.99–1.23 and 0.36–0.44 for CompEx Asthma and
SevEx, respectively) and lower in the summer months (AER range: 0.79–0.88 and 0.24–0.26, respectively)
(figure 3a; supplementary table E3). The trends in AERs observed in the BUD/FORM studies for CompEx
Asthma and SevEx were confirmed in the pooled benralizumab trials; higher in the winter, lower in the
summer (AER range in winter: 1.53–2.03 and 0.99–1.23; AER range in summer: 1.04–1.25 and 0.58–0.76
for CompEx Asthma and SevEx, respectively) (figure 3b; supplementary table E4). Across all seasons,
AERs for SevEx were considerably lower than diary events in the BUD/FORM trials, while AERs were
similar between SevEx and diary events in the benralizumab trials (figure 3a and b, respectively;
supplementary table E4).
The HRs for observed treatment effect on CompEx Asthma were consistent across months in all studies
analysed (supplementary figure E6). In addition, season-associated variability in treatment effect was
similar with CompEx Asthma and SevEx in the pooled data from STAY, SMILE and SAKURA and in the
benralizumab trials (supplementary figure E6).
CompEx Asthma according to geography
The majority of patients in this analysis were recruited from the northern hemisphere (83%). The regional
distribution of subjects in each study has been tabulated in the supplementary material (supplementary
table E5). In the pooled BUD/FORM studies, AERs for CompEx Asthma were less variable across regions
https://doi.org/10.1183/23120541.00246-2020 4



































Rest of the worldNorth AmericaWestern Europe













































Placebo Benralizumab Overall Placebo Benralizumab Overall Placebo Benralizumab
Overall
SevEx CompEx Diary



























































































FIGURE 2 Regional pattern of annualised event rates for SevEx, CompEx Asthma and diary events across treatment arms in (a) the pooled BUD/
FORM studies; and (b) the pooled benralizumab studies (see supplementary tables E6–E7 for full dataset and variability). Randomisation ratio: 1:1
for all treatment arms. Number of patients per region: BUD/FORM studies: Asia, n=2666; Eastern Europe, n=2697; Western Europe, n=2537; North
America, n=455; RoW, n=1141. Benralizumab studies: Asia, n=135; Eastern Europe, n=339; Western Europe, n=173; North America, n=171; RoW,
n=221. a.n.: as-needed; BUD/FORM: budesonide/formoterol; CompEx: composite end-point for exacerbations; SevEx: severe exacerbations; RoW:
rest of world.
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versus SevEx; the ratio of the highest to the lowest AER for CompEx Asthma was 1.36 (highest/lowest
AER: 1.1/0.81) and 2.28 for SevEx (highest/lowest AER: 0.41/0.18) (figure 2a; supplementary table E6).
AERs for CompEx Asthma and SevEx were highest in RoW (CompEx Asthma: 1.10; SevEx: 0.41) and
lowest in Eastern Europe (CompEx Asthma: 0.81; SevEx: 0.18) (figure 2a; supplementary table E6). AERs
with CompEx Asthma ranged from 2.7 to 4.5 times higher versus SevEx, with notably higher AERs in
regions where SevEx rates were low; 4.5 times higher in Eastern Europe (low SevEx) versus 2.7 times
higher in RoW (high SevEx) (figure 2a; supplementary table E6). Similar to the BUD/FORM studies,
AERs for CompEx Asthma were less variable across regions versus SevEx in the benralizumab studies;
ratios of greatest/smallest AERs for CompEx Asthma and SevEx were 1.81 and 2.22, respectively (AER
ranges; CompEx Asthma: 1.13–2.00; SevEx: 0.63–1.37) (figure 2b; supplementary table E7). AERs with
CompEx Asthma ranged from 1.3 to 2.0 times higher versus SevEx in the benralizumab studies. As with
the BUD/FORM studies, CompEx Asthma AERs were 2.0 times higher versus SevEx in Eastern Europe
where SevEx AERs were low (CompEx Asthma: 1.24; SevEx: 0.63). Diary event AERs were considerably
higher than SevEx AERs in the BUD/FORM trials for all regions studied, whereas AERs for diary events
were similar or lower than SevEx in the benralizumab studies (figure 2; supplementary tables E6 and E7).
The HR for observed treatment effect was highly variable across regions for CompEx Asthma and SevEx,
ranging from 0.37–0.62 and 0.41–0.66 (pooled STAY, SMILE and SAKURA) and 0.20–0.67 and 0.17–0.87
(benralizumab studies), respectively (figure 4). The treatment effect observed with SevEx was reflected with
CompEx Asthma across all regions in the pooled data from STAY, SMILE and SAKURA and across Asia,
Western Europe, North America and RoW in the benralizumab studies (figure 4). In the benralizumab
studies, treatment effect in Eastern Europe was greater and less variable with CompEx Asthma, which, in
combination with the relatively high CompEx Asthma event rate in this region, led to a statistically
significant treatment effect (HR: 0.67; 95% CI: 0.53–0.85) but not with SevEx (HR: 0.87; 95% CI:
0.65–1.15) (figure 4b).
Discussion
This is the first study to evaluate the performance of CompEx Asthma as a rate end-point with analysis of
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FIGURE 3 Seasonality patterns (by month) of annualised event rates for SevEx, CompEx Asthma and diary events across treatment arms in (a) the
pooled BUD/FORM studies; and (b) the pooled benralizumab studies (see supplementary tables E3–E4 for full dataset and variability). Spring
months: 3, 4 and 5; summer months: 6, 7 and 8; autumn months: 9, 10 and 11; winter months; 12, 1 and 2. a.n.: as-needed; BUD/FORM:
budesonide/formoterol; CompEx: composite end-point for exacerbations; SevEx: severe exacerbations.
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events) followed a similar pattern to that observed for SevEx, in line with our hypothesis. Further,
although variation in treatment efficacy occurred with both CompEx Asthma and SevEx on a
month-by-month basis, we observed less variation in the observed treatment effects (HRs) with CompEx
Asthma. It is unclear whether this apparent stability is an intrinsic property of the CompEx Asthma
measure or if it reflects the effect of the treatment intervention.
Seasonal patterns of SevEx rates have been reported previously in adults, with winter peaks in both the
northern and southern hemispheres, often associated with viral respiratory infections [9]. An exception in
this analysis was the STEAM trial, where monthly variability was reported across all study end-points with
no apparent seasonal pattern. Small sample size and short study duration (6 months) in this trial may have
contributed to this finding.
The hypothesis related to geographical variability with the different end-points was similarly evaluated by
first looking at event rates across regions. Event rates were less variable (assessed by the ratio of highest/
lowest AERs) across regions with CompEx Asthma compared with SevEx. The largest difference in AER
for CompEx Asthma compared to SevEx was observed in Eastern Europe, a region with consistently low
SevEx rates in the clinical trials. For both the BUD/FORM and benralizumab trials in this region, the diary
event component of CompEx Asthma seems to compensate for the relatively low SevEx rate. The reason
for the low observed SevEx rate in Eastern Europe is not known, but may reflect differences in patient and
health care professional use of systemic corticosteroids and threshold for emergency/hospital referrals,
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FIGURE 4 Treatment efficacy in regional pattern analysis with SevEx, CompEx Asthma and diary events using the Andersen–Gill model in (a)
pooled STAY, SMILE and SAKURA; and (b) the pooled benralizumab studies. Number of patients per region: BUD/FORM studies: Asia, n=2666;
Eastern Europe, n=2697; Western Europe, n=2537; North America, n=455; RoW, n=1141. Benralizumab studies: Asia, n=135; Eastern Europe,
n=339; Western Europe, n=173; North America, n=171; RoW, n=221. a.n.: as-needed; BUD/FORM: budesonide/formoterol; CompEx: composite
end-point for exacerbations; SevEx: severe exacerbations; TER: terbutaline; RoW: rest of world.
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The geographical variability was further evaluated by comparing treatment effects (HRs) across regions.
The observed treatment effects with CompEx Asthma were similar to the effects observed on SevEx across
regions in the BUD/FORM studies, with significant effects both for CompEx Asthma and SevEx. However,
in regions with low SevEx event rates in the pooled benralizumab studies, the treatment effects with
CompEx Asthma were greater versus SevEx, and CompEx Asthma also reached statistical significance in
the region where SevEx failed to do so (Eastern Europe).
Although our data are limited in regions with very low event rates (compared with rates in other regions
within the same dataset), the event rate and treatment effect trends in Eastern Europe together indicate
that CompEx Asthma appears to adjust for societal and healthcare differences across regions that can
confound SevEx results.
AERs with CompEx Asthma were higher compared with SevEx AERs across all studies. However, AERs
were considerably higher in the benralizumab versus the BUD/FORM studies, and the difference between
CompEx Asthma AERs and SevEx AERs was greater in the BUD/FORM versus the benralizumab studies.
The reasons for the disparity between studies is probably related to the fact that by design, the
benralizumab studies included patients with a greater frequency of previous exacerbations with an
eosinophilic phenotype and low lung function, both risk factors for future exacerbations. The
benralizumab studies also employed formal diary-based asthma-worsening alerts that could have driven
the higher physician-evaluated SevEx rates and lower diary event rates. In contrast, the BUD/FORM
studies did not feature diary-based asthma-worsening alerts, and thus higher diary event rates were
reported. These diary events in the BUD/FORM studies could potentially have been unreported SevEx,
highlighting the disparity between objective measures (e.g. changes in PEF, reliever use or symptoms)
versus physician’s discretion in diagnosing a SevEx. Further work is required to investigate the differences
in SevEx rates between these study populations.
A major strength of our analysis was the large number of patients included from multiple randomised
controlled trials, with diverse study designs, disease severities and multiple active treatment arms and
comparators. Further strengths included: the use of a comprehensive dataset for the development of the
CompEx Asthma end-point, with a comparable dataset to test the performance of the end-point; and
using three models of varying sensitivity for the recurrent event analysis to compare and evaluate the
treatment effect across study end-points. While the AG model displayed higher precision versus the NB
model, the results and conclusions of CompEx Asthma treatment effect were similar in the NB model
analysis.
This study was limited by the post hoc nature of the analyses. CompEx Asthma can only be applied to
studies investigating diary events in addition to SevEx, and relies on patients being compliant when filling
out diary cards, limiting its use to studies that have accurately captured these data. Furthermore, a
limitation of the geographical analyses was that 83% of the total patient cohort was recruited from the
northern hemisphere. More data from southern hemisphere patients would be required in future analyses
to confirm our findings in terms of the effects of geographical variation when investigating the CompEx
Asthma end-point. In addition, the geographic analyses are potentially limited by the assumption that
patients are homogeneous within each individual region.
In the primary CompEx Asthma paper, the novel end-point was specifically designed to enable the
development of time- and cost-effective trials with fewer patients in order to evaluate treatment-related
reduction in risk of asthma worsening before moving on to phase 3 drug development trials. Here we have
demonstrated that CompEx Asthma was generally more sensitive than SevEx when analysing event rates.
This reinforces previous findings that CompEx Asthma as an end-point of asthma worsening could permit
the acceleration of clinical trials, with a possible 50% reduction in the size of the patient cohort [7]. Our
current analysis demonstrates that with regard to geography, clinical trials using CompEx Asthma as an
end-point of asthma worsening could be run anywhere, even in countries with low SevEx rates. CompEx
Asthma rates are variable across seasons (as with SevEx), so the optimal recommendation would be to
conduct smaller, 3-month clinical trials with seasonal variation factored in. Future direction will focus on
gaining regulatory approval for CompEx Asthma as an effective drug development tool and defining the
clinical relevance of CompEx Asthma with healthcare professionals.
In conclusion, we have shown that CompEx Asthma event rates are influenced by seasons in a similar way
to SevEx, but treatment effects are less variable on a month-by-month basis with CompEx Asthma.
CompEx Asthma also demonstrated less variation in event rates across regions and was sensitive to
treatment effects even in regions with low SevEx event rates, such as Eastern Europe. This study builds on
previous results supporting CompEx Asthma as a valid end-point that reflects the treatment efficacy
observed on SevEx when studying recurrent events.
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